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Abstract 



We construct the effective action of the KK-monopole in a massive 
Type IIA background. We follow two approaches. First we construct 
■ a massive M-theory KK-monopole from which the IIA monopole is 

obtained by double dimensional reduction. This eleven dimensional 
monopole contains two isometries: one under translations of the Taub- 
NUT coordinate and the other under massive transformations of the 
embedding coordinates. Secondly, we construct the massive T-duality 
rules that map the Type IIB NS-5-brane onto the massive Type IIA 
KK-monopole. This provides a check of the action constructed from 
eleven dimensions. 
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1 Introduction 



The eleven-dimensional interpretation of the massive Type IIA supergravity 
of Romans |3J has devoted a lot of attention recently. It was shown in 
that it is not possible to construct a covariant supergravity theory in eleven 
dimensions with cosmological constant. One might assume that the mass 
arises in the Type IIA theory from the dimensional reduction procedure, 
a la Scherk-Schwarz, however a theory was obtained through this kind of 
construction in M with the result that it was not Romans' supergravity but 
a different massive supergravity for which there is no action. 

A massive eleven- dimensional supergravity was proposed in || with the 
peculiarity that it can only be formulated when the eleventh direction is 
compact, with Lorentz invariance taking place in the other ten dimensional 
coordinates. This feature circumvents the no-go theorem of Pf. The explicit 
eleven-dimensional supergravity action depends on the Killing vector asso- 
ciated to translations along the eleventh coordinate, and gives the massive 
Type IIA supergravity action after a direct dimensional reduction along this 
direction. 

More recently a proposal for massive M-theory has been given based on 
the connection between M-theory and Type IIB and the relation between the 
Scherk-Schwarz reduction of Type IIB and the reduction of massive Type IIA. 
It remains an interesting open problem to make contact with the description 
of massive eleven-dimensional supergravity with a Killing vector. 

M-branes propagating in a massive background were constructed in || |4| 
and referred to generically as massive M-branes. Their effective actions are 
described by gauged sigma-models in which the Killing isometry is gauged. 
They contain as well new couplings proportional to the mass which can be 
interpreted in terms of "massive" solitons. 

Furthermore, two massive branes in the Type IIA theory can be obtained 
from a single massive M-brane They are obtained as either direct or 
double dimensional reduction of the massive M-brane effective action along 
the space-time coordinate where the isometry is realized. 

In this paper we will construct the effective action of the massive Type IIA 
KK-monopole. We will follow two approaches. First of all, we will obtain the 
action of the IIA KK-monopole by performing a double dimensional reduc- 
tion in the effective action of the massive eleven- dimensional KK-monopole. 
As explained in the construction of a massive KK-monopole in eleven di- 
mensions is more subtle than that of an ordinary brane, since the monopole 
is already described by a gauged sigma-model in the massless case. 

The massive M-KK-monopole giving rise to the massive D6-brane after a 
direct dimensional reduction was constructed in [7[]. There it was shown that 
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in order to assure invariance under massive gauge transformations the gauge 
field associated to the Taub-NUT isometry had to transform proportionally to 
the mass. Also, new couplings to the Born-Infeld field had to be introduced. 

In this eleven-dimensional massive monopole the "mass isometry direc- 
tion" coincides with the Taub-NUT direction, and the dimensionally reduced 
action gives the massive D6-brane. However, in order to obtain a ten dimen- 
sional KK-monopole we are not interested in eliminating the isometry in 
the Taub-NUT direction once a double dimensional reduction is performed. 
Therefore we first have to find the worldvolume action of a more general 
M-KK-monopole in which the invariance under massive transformations is 
achieved by gauging an isometry other than the Taub-NUT isometry. Double 
dimensional reduction along this new isometry direction will give rise to the 
action of the massive IIA KK-monopole (see Figure 1). We present these 
actions in sections 0, [3] and [|. 




Figure 1: Dimensional reductions of the (massive) M-KK-monopole. 

In this figure we display the reductions of the massless M-KK-monopole and its 
two possible massive extensions. The massless M-KK-monopole is described by a 
gauged sigma-model with Killing vector k. Reducing along a worldvolume coor- 
dinate gives rise to the Type IIA KK-monopole, the reduction along k gives the 
D6-brane and the reduction along a transversal coordinate different than k gives a 



6-brane (KK-6A) H, 0, 10, 11 1, described by a gauged sigma-model. The KK-6A 



brane is not associated to a central charge in the Type IIA supersymmetry algebra 
|jl2| . There are two possible massive extensions depending on whether the massive 
isometry, h, is chosen to be h = k or h ^ k, such that reducing along h gives 
a massive Type IIA brane. When h = k we obtain a massive D6-brane. When 
h ^ k we obtain a massive IIA KK-monopole (KK-5A in the Figure), if h lies in 
a worldvolume direction of the M-KK-monopole; or a massive KK-6A brane, if h 
lies in a transversal direction. 



An alternative way to derive the action of the massive IIA KK-monopole 
is to start with the action of the IIB NS-5-brane constructed in |13[ and 
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perform a (massive) T-duality transformation. The massive T-duality rules 
for the target space (dual) potentials that couple to the 5-brane are given 
in Appendix A. We present the details of the calculation of the massive IIA 
KK-monopole action by this procedure in section [5| The result coincides with 
that given in section |4] following the double dimensional reduction approach 
(see Figure 2). 

Massive M-theory KK-monopole 

Double Dimensional Reduction 

V 

Massive IIA KK-monopole 



Massive T-duality 

Figure 2: Derivation of the massive IIA KK-monopole. In this Figure we 
show the two procedures that we have followed to obtain the massive IIA KK- 
monopole. In the first one we perform a double dimensional reduction along the h 
direction of the massive M-KK-monopole with two gauged isometries, the Taub- 
NUT k and h. In the second case, we obtain the same massive IIA KK-monopole 
via a massive T-duality transformation on the IIB NS-5-brane effective action. 



IIB NS-5-brane 



2 The Massive M-KK-monopole 

Let us start by recalling the action of the massless M-KK-monopole con- 
structed in |. The KK-monopole in eleven dimensions behaves like a 
6-brane, and its field content is that of the 7-dimensional vector multiplet, 
involving 3 scalars and 1 vector. Since the embedding coordinates describe 
11 — 7 = 4 degrees of freedom one scalar has to be eliminated by gauging an 
isometry of the background^. 

The Taub-NUT space of the monopole is isometric in its Taub-NUT di- 
rection. Let us denote k the Killing vector associated to this isometry: 

5X fl = -a^k fl , (2.1) 



3 For some recent work on KK-monopoles see Pq| . 

4 For constructions of gauged sigma models with WZ term in arbitrary dimensions see 
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such that the Lie derivatives of all target space fields and gauge parameters 
with respect to k vanish. The effective action of the monopole is constructed 
by replacing ordinary derivatives by covariant derivatives: 

<%X A -> DiP L = diX» + AtW , (2.2) 
with A~ % a dependent gauge field given by: 

A i =\iz\- 2 a i X%, (2.3) 
where \k\ 2 = —k^k^g^p. Accordingly, the gauge transformation of Ai is: 

SAt = df&W . (2.4) 
In this way the effective metric becomes: 

faDifrDsX* = % P d t X%X p , (2.5) 

with 

fl/iv = g/iv + \k\~ 2 kp,kp . (2.6) 

Since flp,e>k u = the isometry direction is effectively eliminated from the 
action. 

The construction of the -invariant WZ term has been given in J7|. We 
summarize the target space and worldvolume field content in Tables [I] and 

B 

The resulting effective action gives the D6-brane of the Type IIA theory 
after a direct dimensional reduction along the Taub-NUT direction |TT| . 

In the effective action of the M-KK-monopole giving rise to the D6- 
brane of the massive Type IIA theory was also constructed. As discussed in 
|| eleven-dimensional massive branes are described by gauged sigma models 
with gauge coupling constant proportional to m. The massive D6-brane is 
obtained by reducing the massive KK-monopole in which the two Killing 
vectors associated to the mass and the Taub-NUT isometries coincide. The 
gauge field A must be attributed mass transformation rules and extra terms 
need to be added to the WZ part. As we mentioned in the Introduction 
this massive M-KK-monopole cannot give rise to the massive Type IIA KK- 
monopole after a double dimensional reduction, since the gauged isometry 
disappears in the reduction. However it is possible to construct a massive 
M-KK-monopole in which the two isometry directions associated to the mass 
and the Taub-NUT space are different. Double dimensionally reducing along 
the direction associated to the mass will give rise to the effective action of 
the massive IIA KK-monopole. 
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Target space 


Gauge 


Field 


Parameter 










(^C)^ 




C/il... p, 6 


X/ii— As 


(^jfc^JAi-Ae 


(^fcXjAi— A4 


-^Ai-As 


^Ai— A7 


(*fc^)Al...A7 


(^fc^JAi— Ae 



Table 1: Target space fields in the M-KK-monopole. This table shows the 
11-dimensional target space fields that couple to the M-KK-monopole, together 
with their gauge parameters. We also include the contractions with the Killing 

vector k^. The field C is the Poincare dual of C, the 3-form of eleven-dimensional 
supergravity, and N is the Poincare dual of the Killing vector, considered as a 
1-form k^. 

It was shown in [U] that a massive brane in eleven dimensions is obtained 
by gauging an isometry generated by a Killing vector h: 

^X* = jl 2 P P (0) h>, (2.7) 
through the introduction of a gauge field b% transforming asQ 

5b t = dip^ -l; 2 (t k x)u (2.8) 

where (i^x) is (the pull-back of) the interior product of the gauge parameter 
of the eleven-dimensional 3-form C with the Killing vector h. Substituting 
ordinary derivatives by covariant derivatives 

V t X" = fyX" - jQbth'* (2.9) 
one assures invariance under massive transformations: 

TYl 

h L h~.K = r y(- 1 ) r fex)[Aife L )A 2 ...A.] , (2-10) 
5 Here L is the eleven-dimensional Planck length. 
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Worldvolume 


ft of 


Field 


d.o.f 




11 - 7- (1) = 3 




7-2 = 5 


u h...i & 







Table 2: Worldvolume fields. In this table we summarize the worldvolume 
fields, together with their degrees of freedom, that occur in the worldvolume action 
of the M-theory KK-monopole. The worldvolume scalars are the embedding 
coordinates, co^ is a 1-form and cu^ is a non propagating 6-form that describes 
the tension of the monopole. Due to the gauging the embedding scalars describe 
3 and not 4 degrees of freedom as indicated in the table. 

for a rank r 11 dim form L, and 

hho = -™fex)(/i(^)<>) , ( 2 - n ) 

for the 11 dim metric. 

These transformations give rise to the known massive transformations of 
the Type IIA background fields after dimensional reduction. Together with 
the gauging it is necessary to include additional 6-dependent terms (propor- 
tional to the mass) to achieve invariance under massive transformations. 

This suggests that we should construct the massive M-KK-monopole by 
substituting: 

Il^diX^djX -> npVi&VsX , (2. 12) 

with VX as defined above. This can also be written as: 

UpViX^X* = foDiXtDsX* , (2.13) 

with 

DiX" = diX» + Aik» --ll bih» , (2.14) 

and: 

M = \k\~% (dtX* -^l 2 p W) . (2.15) 
fine transforms as a metric under massive transformations iff 
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%=-y(^X)A(^)> (2-16) 

which implies that the Killing vector associated to the Taub-NUT isometry 
must be attributed a massive transformation: 

^ = -^ h xW- (2-17) 



The transformation rule ( [2.16 ) is that of a vector under massive transforma- 



tions (see fl2.10|) ). We showed in @ that kp, had to be considered as a target 
space 1-form in order to construct the action of the 11 dim KK-monopole. In 
particular, the monopole is charged with respect to its dual 8-formF]. We see 
here that this is also the case regarding massive transformations. With this 
transformation rule the interior product of k with any eleven-dimensional 
r-form transforms according to ( j2.1U| ) (see Appendix B). 

The fact that transforms under massive transformations implies that 
the Killing condition and the massive transformations do not commutefj. 

In the system of adapted coordinates to the isometry generated by h: 
hP~ = 5^y, we can define: 



k y = ^ll^\ (2.18) 



with 



5Cjm = 2^^ ) - (2 ' 19) 

In the reduction to ten dimensions k^ (with /x a ten dimensional index) will be 
the Killing vector generating translations along the Taub-NUT direction, and 
ci>( ) an extra worldvolume scalar needed to compensate for certain massive 
transformations. 

It is easy to check that the invariance under <x<°> is preserved^ if the b 
field transforms as: 

8h = $p<°> - *<°>a^(°> - If (i h x)i . (2.20) 

The gauge transformation rule of A% (given by (|2.15| )) is still 5A$ = d%a^\ 
as in the massless case. 



6 To be precise, with respect to its interior product with the Killing vector k. 

7 They commute if {ititX) — 0, which is not the most general case. Note, however, 
that if in ten dimensions we set the component of the RR 1-form along the Taub-NUT 
direction to zero, which can always be done since is a non-physical Stueckelberg field 
@ 0! then this condition is satisfied. 

^tn the kinetic term. We will comment later on the WZ term. 
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The action that we propose for the massive M-theory KK-monopole is 
the following: 



S = -T mM KK/^iy|det(A-XAD i X%, + /2|fc|-i/cg ) )| 

+ Wk / d 7 £ f*-*K%> mh . (2.21) 

The covariant derivatives are defined by (gig ) and is the massive field 
strength of the worldvolume field u)W: 

/C (2) = 2dcu {1) + I' 2 DX»DX%i h C)^ - ml 2 p ^ {0) b . ( 2 - 22 ) 
Finally, KS 7 ^ is given by: 



£00 = 7 {ajW + mc£;( 7 ) - §JJ m# 6 > (2&D« - mZj du<®b) 

-\lf DX* . . . DX^{i k N)^ 7 + 3DX* . . . DXf*{i k C)^iCV 
-5/- 2 DX* . . . 

-15DXK . ..DX^C^.^C)^ (2du® - ml 2 p du^b) 
-60/2 _ _ _ DX^C^.^du^ (duV - mil d ^ ( ° )b ) 

(2.23) 

This action is invariant under the gauge transformations given in Appendices 
B and CI . Invariance under /?(°) transformations is assured by the presence 



of covariant derivatives. It can also be seen that with the transformation rule 
( |2.20| ) for the b field the action is invariant under transformations. 



Notice that we have introduced a new auxiliary field, S 5 \ associated 
to the dual massive transformations with parameter (itS) (see [|J]). This 
field transforms proportionally to (itit^i) (see Appendix C.I), since only 
contractions with the Taub-NUT Killing vector need to be cancelled in the 
KK-monopole action. 

Moreover, b is a non-propagating field in this action, playing the role 
of gauge field for the h isometry^. We will see in the next section that it 

9 Additional mb couplings are necessary as well in the WZ term to cancel certain gauge 
variations. 
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disappears in the double dimensionally reduced action. This means that 
there are no fundamental strings ending on the monopole. 

When k and h are parallel, as in |7[, cu^ transforms like b (in ( 2.2U| )) R 
and it is not necessary to introduce this new field. Furthermore, an extra 
term — 15ml ^ bdbdbdb in the WZ part of the action accounts for the variation 
of the u>( 7 ) field[^], which is also not needed. This is also the case for uj^ and 

In Table |3] we summarize the worldvolume fields present in ( p.21| ). All 
these fields can be given an interpretation in terms of solitons on the KK- 
monopole. 



Worldvolume 
Field 


Field 

Strength 


i 


kB 


u ~nh 




- (6) 

^11. ..16 


'^H...i 7 


a(7) 





Table 3: Worldvolume field content of the massive M-theory KK- 
monopole. In this table we give the worldvolume fields, together with their 
field strengths, present in the worldvolume action of the massive M-theory KK- 
monopole. 

We find, as in the massless l-form iu^\ describing a 0-brane soli- 

ton in the worldvolume of the KK-monopole. Its dual 4-form describes a 
3-brane soliton. They correspond to the intersections: (0|M2, MKK) and 
(3|M5, MKK), respectively. The monopole contains as well a 4-brane soliton 
which couples to the 5- form dual to one of the embedding scalars: (4|MKK, MKKji^. 
All these intersections have been discussed in 



18, 1') 



In the massive case the field dy> couples to the 5-brane soliton represented 
by the configurationF] |2^, p~9[] : 



(5|M9,MKK) 



x 

X 



X 
X 



X 
X 



X 
X 



X 
X 



z 

X 



X 



X 

z 



XXX 



10 In this case w (0) = 0. 

11 With the modification of the transformation law of ui^ found in |Q. 
12 We use here a notation where x(— ) indicates a worldvolume (transverse) direction. 
The first x in a row indicates the time direction. 
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Here the ^-direction in the monopole corresponds to the isometry direction of 
the Taub-NUT space. A single M9-brane contains as well a Killing isometry 
in its worldvolume, as has been discussed in ]2Tl ^3]. This isometric 



direction has been depicted as well clS cl %— direction. The 5-brane soliton 
predicted by the M-KK and M9-brane worldvolume supersymmetry algebras 
|19|| is realized as a 4-brane soliton given that it cannot develop a worldvolume 



direction along the isometry of the M9-brane. This is in agreement with 
the worldvolume field content that we have found for the massive M-KK- 
monopole, since the only worldvolume field to which this soliton can couple 
is the 5-form d^ 5 \ 

The 6-form to^ is interpreted as the tension of the monopole and cou- 
ples to the 5-brane soliton realized as the embedding of an M5-brane on the 
KK-monopole |24], |18|| . In the massive case it also plays the role of Stueck- 
elberg field for the auxiliary field a)'- 7 *' (see their transformation rules in 
Appendix Cl). 

Finally, uo^ couples to the 6-brane soliton describing the embedding of 
the monopole in an M9-brane: (6|M9, MKK). The M9-brane contains a 1- 
form vector field in its worldvolume |23| . The dual of this massive 1-form in 
the nine dimensional worldvolume is a 7-form field which from the point of 
view of the M9-brane is the worldvolume field that couples to the 6-brane 
soliton. 



3 Double Dimensional Reduction: 
Massive MKK -> Massive KK-5A 

We can now proceed and perform the double dimensional reduction of the 
action constructed in the previous section. We will see that the Killing 
isometry associated to translations of the Taub-NUT coordinate is restored 
in this process. 

In adapted coordinates h) 1 = 8^ y , we take the ansatz for the worldvolume 
reduction: 

X y = Y = (3.1) 

with all other worldvolume fields and gauge parameters independent of £ 6 . 
The k transformation rule ( 2.1 7| ) implies that this vector gets a ^-component 



under massive gauge transformations. Therefore we reduce it as: 

fc" = k» , k v — m2na'uj i0) . (3.2) 

k^ will be the Killing vector associated to the isometry of the Taub-NUT 
space of the IIA KK-monopole. 



11 



In order to keep track of all the gauge transformations we have to intro- 
duce a compensating gauge transformation: 

5C = 5 J6 [-A (0) + ^(2vra / )p (0) - - (2to> (0) W (0) ] , (3.3) 

where is a g.c.t. in the direction Y. 

The reduction rules for the background fields and gauge parameters can 
be found for instance in |7|]. The worldvolume fields reduce as: 

l 2 p k = 2ira , b i , lfb 6 = 2to'd(°), 

%l>W = 2W^ {1) , l 2 p 4 1] = 27ra'u/°), (3.4) 

i 2 AIU* = --(^fv^Ml^ + *(W) (i - ^(2wy°)) 4 6) . l6 . 

The (modified) gauge transformations of the new, reduced, worldvolume 
fields can be found in Appendix C.2. 

The reduction of lj^ holds up to a total derivative (see Appendix C). The 
reduction of d\ i46 gives a worldvolume 4-form which is gauge invariant and 
contributes to the reduced action with a decoupled term, therefore we have 
fixed it to zero. The scalar field also has vanishing transformation law. 
However this field contributes to the double dimensionally reduced action as: 

J d 6 £(l-^(2Wy°>)/; mA KK, (3.5) 

and is constrained to a constant by the equation of motion of the worldvolume 
field u/ 5 ) playing the role of tension of the IIA monopole. In general it 
modifies the tension of the new massive p-brane as ||: 

T mIIA = (l-y(2Wy°))T mM . (3.6) 

This has the implication that for the particular value t/ -* = 2/m(2Tca') 
the brane tension vanishes. The physical mechanism behind this phenomenon 
is unclear and it would be interesting to investigate (see the Conclusions for 
a further discussion). 

The dependent gauge field A reduces as: 
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A, = (l + e^r 2 (tf (1) + ffl W/) 2 ) _1 x 

x (Ai - e 2<t) \k\- 2 (C^ - rrma'bi){i k C^ + mira'u^)) , (3.7) 



where = \k\ 2 k IM d i X' J -, and 



i 6 = -(l + e 24 >\k\- 2 {i k C^ +mW^°)) 2 ) *x 

x e 2 *|ib|- 2 (l - mfa'« (0) )(i t C (1) + mm'w (0) ) . (3.8) 

4 The Action of the Massive IIA KK-monopole 

The double dimensional reduction of the action of the massive M-KK-monopole 
gives: 



S 



-T mAK K / d & £ k 2 e- 2 *yfl + e^k- 2 {i k C^ + mrta'cu^) 2 x 



det | IL, - {2^fk-^K!f + (2na')k-^ (;) 

^1 + e^fc-^CW + mTra'^W) 2 



+ i(2W)T mAKK / ' d^-- A «K,fl i6 . (4.1) 



The covariant derivative is defined as: DiX^ = diX^ + Aik^ and 

% = A^IV- (4.2) 

The tension T m AKK is the modified tension given by ( |3.6|) . 

The gauge invariant forms K,^ and /C^ are the field strengths of lo^ x > 
and d/ - 1 , respectively: 

= 2duW + ^(i k C®) -2K^{DXC^) 

+f (DXDXB) - m(2na')uj^duj^A , (4.3) 

and the WZ term is the field strength of the worldvolume field u/ 5 \ playing 
the role of tension of the IIA KK-monopole: 
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IC^ = 6(du^ + mJV) - 3m(2W)rf( 5 )^(°) + ^-,{i k N) 



-15(i k CW){2duW + ^{i k C^) + f u<®B) 
-6((i k B) - f(2 TO >(°)C( 5 ))/C« 
-60{2na^DX*DX v DX'C$ p JCM]CW 
+£jB(i k C®) 2 + WDX»DX v DXPC$ p {i k C®)K,W 
-180(2na')DX^DX u B^(diu^) 2 
+ ^C^(t k B)(i k C^ + mna'u^B) 
~fm 2 (2na')(uj^) 2 DX^ . . . DX^B^ ^ 
-A5m(2na')uj^DX^ . . . DX**B\ X 

+ f mcj(°)5 2 (4C( 3 )) - 360(27ra / ) 2 A(^( 1 ) + &u®B) 2 duW 
+15(2na') 2 ^l^ 2 (^ (1) +—'- (0) ) ^(2)^(2)^(2) 

v y l+e 2 *|A;|- 2 (i fe C( 1 )+m7ra'£j( )) 

(4.4) 

In Table ^ we summarize the world volume field content. The gauge trans- 
formation rules of background and worldvolume fields can be found in Ap- 
pendices B, C.2 and reference |4J]. We summarize our notation for the Type 
IIA background fields in Table |5|. 

The action of the ten dimensional IIA KK-monopole is manifestly invari- 
ant under translations of the Taub-NUT coordinate, since all the reduced 
fields and gauge parameters have vanishing Lie derivative with respect to k. 
This symmetry has been restored in the reduction by a mechanism in which 
the y component of the Killing vector in eleven dimensions gives rise to an 
auxiliary worldvolume field that is needed to compensate the massive vari- 
ation of the Stueckelberg field i k C^\ A further check of this action is that 
for m = reduces to the action of the massless IIA KK-monopole [7|]. 

It is also worth noting that the field b has disappeared in the reduced 
action. This reflects the fact that there are no fundamental strings ending 
on the monopole. Nevertheless there is a string-like object, described by w^, 
ending on the monopole. In fact, the worldvolume fields that couple to the 
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Worldvolume 


Field 


Field 


Strength 























Table 4: Worldvolume fields of the massive IIA KK-monopole. In this 
table we give the worldvolume helds, together with their field strengths, that occur 
in the effective action of the massive IIA KK-monopole. 



Target space 


Gauge 


Dual 


Gauge 


Field 


Parameter 


Field 


Parameter 












Am 








A (o) 


ccn 


A (6) 

Ml— M6 


C(3) 


A (2) 


C(5) 


A (4) 











Table 5: Target space fields of the type IIA superstring. The type IIA 
background contains the NS-NS sector: {g^ v ,4>, B^ v ), the RR sector: (C^^C^), 
and the Poincare duals of the RR fields and the NS-NS 2-form B: {C^\C^ 7 \B). 
The Kaluza-Klein monopole couples to a new field N, dual to the Killing vector 
associated to the Taub-NUT isometry, considered as a 1-form 



soliton solutions of a KK-monopole are those necessary to construct invariant 
field strengths for the fields ikC^ p+1 ^ (see 
the form: 



13]). These field strengths have 



/C (p) = pdcu 



(p-i) 



+ 



I 

2na 



7 (^ (p+1) ) + 



(4.5) 
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so that u/p -1 ) couples to a (p — 2)-brane soliton which describes the boundary 
of a p-brane ending on the monopole, with one of its worldvolume directions 
wrapped around the Taub-NUT direction of the monopole. Since the target 
space field associated to a/ 1 ' is (i^C^) it describes a wrapped D2-brane 
ending on the monopole. 

We also find the soliton configurations: (2|D4, KK), (3 1 NS5, KK) and 
(3|KK, KK)i j2 (see |25|, [13|]). The only modifications due to the mass occur in 



the explicit expressions of the field strengths, where new terms proportional 
to the mass appear, which involve worldvolume fields that already propagated 
in the massless case. There is however an exception, and that is the presence 
of the S 5 ^ worldvolume field associated to the dual massive transformations, 
which couples to a 4-brane soliton. This soliton is a domain wall in the six 
dimensional worldvolume and is described by the configuration: 



(4|D8,KK) 



x 

X 



XXXX — XXX 

xxxxxz — — 



which is obtained by reducing the (4|M9,KK) soliton configuration of the 
M-theory KK-monopole along the isometric direction of the M9-brane. This 



intersection is related to the Hanany-Witten configuration [26 



D5 : x 
NS5: x 
D3 : x 



XX XXX — 

xxxxx (4.6) 

x x x 



by T-duality along the 3,4,9 directions. It is also T-dual to the intersection 
(4|D7, NS5) in Type IIB, corresponding to a 4-brane soliton in the IIB NS- 
5-brane f2"7j . 

There is as well another 4-brane soliton in the KK-monopole worldvolume 



18| which is already present in the massless case. This is the embedding of 
the D4-brane on the monopole: (4|D4,KK), and it couples to the worldvol- 
ume field a/ 5 -*, describing the tension of the monopole. This is the reduction 
of the 5-brane soliton (5|M5,KK), which couples to the tension Cj^ of the 
M-KK-monopole. Finally, the reduction of the 6-brane soliton (6|M9,KK) 
gives a 5-brane soliton realized as the embedding of the KK-monopole on a 
KK-7A-brane(3. 

13 This brane is obtained by reducing the M9-brane along a worldvolume direction other 
than the z-direction, but it is not predicted by the Type IIA supersymmetry algebra. 
As discussed in |23], this is also the case for the KK-6A brane, obtained by reducing 
the M-KK-monopole along a transverse direction different from the Taub-NUT direction. 
These branes are required by U-duality of M-theory on a d-torus, as it has been shown in 
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5 Massive T-duality: 

IIB NS-5 -> Massive IIAKK 

In this section we obtain the massive IIA KK-monopole through a "massive" 
T-duality transformation in the action of the IIB NS-5-brane. 



The action of the Type IIB NS-5-brane was constructed in and is 
given by: 



S 



NS-5B 



d 6 £ e-*"Ji + e 2 ^(C(°)) 2 x 



x 

\ 



|det(g- (2na') 



v /l + e^(C(°)) : 



+ -(27ra / )T NS -5B / <?£ c*-^ 



;(6) 



-16 



(5.1) 



Here .F = 2dc^ + and: 

-180(2na')Bdc^dc^ - 90BC^dc^ 



(5.2) 



+15(2™ 



A2 C(°) 



-2*> + (C(°)): 



In Table |^ we have summarized our notation for the Type IIB background 
fields. 



Target space 


Gauge 


Dual 


Gauge 


Field 


Parameter 


Field 


Parameter 














B 




C(°) 












C(6) 


A(5) 
W-MS 



Table 6: Target space fields of the type IIB superstring. The 

Type IIB background contains the common sector: (g^, ip,B^ v ), the RR sector: 
(C(°),C( 2 ),C( 4 )), and the Poincare duals of the 2-forms and B: (C^,B). 
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We apply now a T-duality transformation along a transverse direction. 
The worldvolume fields do not change rank after T-duality since the original 
and dual branes have the same number of worldvolume dimensions. More- 
over, we have a new scalar field Z', which is the T-dual of the coordinate 
along which we perform the duality transformation. The T-duality rules for 
the worldvolume fields are given by: 

Z' = (27raV°), 
c (i)/ = -ujW _ a (2na')(u^) 2 dZ , 
dc®' = duo^ + 60(2na') 2 dZdu^du^du^ 
+muj^ - \m(2Tia')d^duj^ . 



(5.3) 



Here Z is the Taub-NUT coordinate of the KK-monopole. Its occurrence on 
the right hand side of the two expressions above is required by gauge invari- 
ance, and assures the gauged sigma-model structure necessary to describe 
the KK-monopole. 

Using the massive T-duality rules given in ( |A.1| ) and ( |A.3| ) for the back- 



ground fields, we find the following transformations for the worldvolume cur- 
vatures: 

P = -K,V) , Q®> = £(6) , (5.4) 

where /C (2) is given by (|0|) and /C (6) by 0. Substituting in the IIB NS-5- 
brane effective action we recover the expression ( |4.1|) for the effective action 
of the massive IIA KK-monopole that we obtained from eleven dimensions. 
This provides a check of that action as well as of the massive T-duality rule 
(|A.3| ) given in the Appendix. 

One remark is in order at this point. In general the double dimensional 
reduction of a massive M-brane gives a tension 0j: 

T=(l- ^(2 TO >(°»j f J d£ (5.5) 

for the reduced brane, where £ is the compact worldvolume direction. A 
particular example is the massive IIA KK-monopole obtained in the previous 
section. This suggests that in the massive case the tensions should transform 
under T-duality as: 

Tb 5 = T mA KK = fl - ^(27ra')v {0) ^ T mM KK , (5.6) 
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which seems, however, an arbitrary choice from the T-duality point of view. 
We leave some especulations about this point for the Conclusions. 



6 Conclusions 

We have constructed the worldvolume effective action of the Type IIA KK- 
monopole propagating in a background with non- vanishing cosmological con- 
stant. The worldvolume field content of this brane consists on a scalar, a 
1-form, two 5-forms and a 6-form. One of the two 5-forms is interpreted 
as the tension of the monopole, whereas the other one is associated to dual 
massive transformations in the worldvolume of the monopole. The 6-form 
and the tension of the monopole are interpreted as a Stueckelberg pair with 
respect to massive transformations. 

These worldvolume fields have been interpreted in terms of soliton solu- 
tions propagating in the worldvolume of the monopole. The new feature with 
respect to the massless case is that there is a 4-brane soliton realized as the 
domain wall intersection of the KK-monopole with a D8-brane, and a 6-brane 
soliton corresponding to the embedding of the monopole on a KK7-brane. 

We have already mentioned that the KK7-brane belongs to a particular 
class of Type IIA brane solutions which are not predicted by the spacetime 
supersymmetry algebra. It is unclear why this happens. These branes have 
been encountered already in the literature in a different context, namely they 
are required in order to fill up multiplets of BPS states in representations 
of the U-duality symmetry group of M-theory on a d-torus || || [10], |TT 



As we discuss in | 23fl , where we calculate the kinetic part of their world- 
volume effective actions, these branes do not have an obvious interpretation 
in weakly coupled string theory since they scale with the coupling constant 
more singularly than l/g 2 s . 

The derivation of the KK-monopole effective action from eleven dimen- 
sions gives a tension depending on the mass and on a Wilson line of the gauge 
field associated to the massive isometry (which is set to a constant value by 
the integration of the worldvolume 5-form playing the role of tension of the 
monopole) (see (|3.6| )). In particular, the tension can vanish for a certain 
value of the Wilson line. In fact, this is a general feature for the Type IIA 
massive branes that are obtained from eleven dimensions by a double di- 
mensional reduction [|J. The presence of covariant derivatives with respect 
to massive transformations in the eleven- dimensional massive branes implies 
that in the double dimensional reduction the brane can be wrapped along 
the eleventh direction with unusual winding number, which depends on the 
mass and on a Wilson line of the gauge field. Therefore, consistency implies 
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that (1 - f (27ra> (0) ) has to be an integer, i.e. the winding number, with 
the tension of the reduced brane proportional to it. The Wilson line may 
be interpreted as a distance 2ttoi'v ^ corresponding to a D8-brane, since a 
massive IIA brane is a brane in the presence of D8-branes. This is similar to 
the interpretation of the masses of the string states in terms of the D8-brane 
positions in a Type I' construction. Since the D8-branes are T-dual to the 
D9-branes, the arbitrariness of from the T-duality point of view might 
be originated by Wilson lines in Type IIB with D9-branes. 

Finally it would be of interest to analyze the six dimensional interacting 
gauge theory that arises from considering a system of parallel massive KK- 
monopoles in the limit in which gravity is decoupled @ . 
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A T-duality 

In this Appendix we summarize the massive T-duality rules for the back- 
ground fields given in JT7| , [21^ , P0| We also derive the massive T-duality 
transformation of the B field coupled to the IIB NS-5-brane. In our notation 
z is the direction along which we perform the duality transformation. 

The following T-duality rules from Type IIBQ onto massive Type IIA 
backgrounds have already been constructed in the literature: 

14 The T-duality rules between Type IIA and Type IIB backgrounds were derived in |n| 
for the massless case. 

15 In the basis in which is S-duality invariant. 
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e y>' — — 

\l\9zz\ 



C W = + (<#> + *z) 



1 =e<? 



C( 2 )' = 

^ [IV 


-CW+2C$B V]Z 


£' = 

£' = 


















(7(4)/ _ 

^ /J,UpZ 


p(3) 1 3^(3) 9 P \z 


&zz 



J 



9zz 



9 



1 

9zz 



1 D 

n „ D ilZ ) 



(A.l) 

W4)/ A- A ( q/~<(3) Sm^Ad , 

°W-/"4 ~~ °Ml-i"4Z^^V [M1M2M3 [M1M2Z g J2 ; ^2 

+ 3C SU K W ] - 2fl w ^) - 6 (eg - C7«^) B^B^, , 

/nr(6)/ _ _/^(5) , K/^( 5 ) Vi!* 

^Hl...H5Z ^jUi...jU 8 ^ U ^[/il.../U 4 Z 9zz 

The inverse rules (from massive Type IIA to Type IIB) are given by: 
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C (l)> = _ C (0) _ rn Z ) 



£»(3)/ _ _(7(2) _|_ 2C^ ^ ^ = ^ _ ^ — &nzBvz) , 



J tivz fxv '"^"gzz 

-fz(^-2^gf) , 

cw = -c^ + ^d 2) b i 



a' = L« 



= — 

3zz gzz 



+ bU \ M z tS '» g zz > 



(2) 



TDt K? 2 E? _ 

^/ii/ ~~ gzz u \fiz&u]z 1 



TDI _ _g£M 

gzz 



/nr(5)/ _ _^(4) , 4< nr(4) §M4]z _ o^(2) e 

°//l-M42 "" °/il-M4 ^ ^°[Ml/i2/i3Z gzz [Ml M2 °M3M4] 

(2) KJ Sm41 z fiC r ri(2) §M4l z 



bG 4Cl^« gzz b£ MMl°M2M3 gzz 

-§mZ% 1/i2 £^ 4] + 6mZ£ [w/l2 ^ 32 ^ , (A.2) 

/nr(5)/ _r , ( 6 ) j.^r ,4) - 4r*^ g ^4^ « . 

2 °[MlM2 M3At4] M5 ] Z OUU 2 [ Ml °M2M3 U M4Z g zz • 

The IIB NS-5-brane couples minimally to the field B, dual to the NS-NS 
2-form. Its massive T-duality rules are given by: 
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-K(r® _ 3/^(3) 3m 3 ]^ p(3) 

i 15 2720 R g^l* 
^/ii...Ate = — Me* ~~ 6S[ /Ltl ...^ gZ 5 At6 ] j; 

+30 (cfl.^ - acg^s^) (eg) - e«^) 2^. 

+^m 2 Z 2 B[ fllfl2 B ll3tli B ll5Z ^^ . 

(A.3) 

Let us clarify the role played by Z in the expressions above. In the T- 
duality from the IIB (IIA) NS-5-brane to the IIA (IIB) KK-monopole, Z is 
the T-dual transformed of the coordinate transversal to the NS-5-brane: 

Z = Z f = (27ra> {0) , (A.4) 

and not another embedding coordinate. However, in the T-duality from 
the IIA (IIB) KK-monopole to the IIB (IIA) NS-5-brane, Z is indeed the 
transversal coordinate to the 5-brane. When the T-duality takes place be- 
tween two D-branes Z is proportional to the a component of the Born-Infeld 
field of the dual brane when the reduction is direct, or is equal to a when 
the reduction is double^. 

16 The double dimensional reduction of a Type IIB brane must be a Scherk-Schwarz type 
of reduction in order to make contact with massive Type IIA. 
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B Target Space Gauge Symmetries 



The gauge symmetries of the eleven-dimensional background fields that cou- 
ple to the M-KK-monopole are given by: 

%*> = -m(i h x)(fi(ih9)i>): 
3 

5C = 3dx - -m(i h x)(i h C) , 
5{i k C) = 2d(i kX ) - rn{i hX ){i % i h C) - m{2*a>)d^\i h x) , 
%<7) = 5d(i$ + lBdxihC) - 10Cd(i h x) (B.l) 

+\rn{i h x){i h i h b) + j(i % i t t) - 5 -m(2na')d^^) , 
S(i k N) = 7{d(i k Cl) + lhd{i kX ){i h C) + 30d X (i~ k C) (i k C) 

-20C(i~ k C)d(i hX ) + j(i h xWhN) ~ y(2W)^(°)(^E) 

3 - 
+ 2 m ( i h i k E )( i k C ) 

-^m{2Ka>)d^\i f MkC) + 10m(27ra')C(i k C)d^ \i h x^.2) 

These fields transform as well under and transformations in the usual 
way. 

The transformations of the ten dimensional fields coupled to the massive 
IIA KK-monopole can be found in as well as the relations between ten- 
and eleven- dimensional fields and gauge parameters. The transformation of 
ikN is however new, and it is given by: 
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S(i k N) = 6d(i k Q^)-3m(i k ^)(i k B) 

+md{i k A^){i k C^ + f (27ra>(°)£) 

-30(9(i fc A) - f (2WV (0) <9A (4) )(45) 

-609A(i fe C( 3 ) + f (2toV(%) 2 

+ 120<9A( 2 )(4C( 3 ) + f (27ra')^ (0) 5)(i fe 5) 

+60(9(i fc A( 2 )) + ^{2na')uo^dK)B{i k C^ + f (2WV (0) £) 

+209(2 fc A)C( 3 )(2 fe C( 3 ) + f (27ra> (0) 5) 

-40(9(^A( 2 )) + f (2WV(°)<9A)C( 3 )(* fc 5) , 

(B.3) 

where: 

(< fc n) 

vi—vsy -(^ (6) ) jtil— w 

(B.4) 

C Worldvolume Gauge Symmetries 

Here we give the gauge transformations of the worldvolume fields present in 
the effective actions of the massive M-theory and Type IIA KK-monopoles. 
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C.l Massive M-KK-monopole 

tow = ^-^(^)-f(W)^V), 

5&( 6 > = 6<9p (5) - mp^ + ^(ijfi) - 30^ (1) <9(%x) 

-180(27ra')^ {1) <9^( 1 ) - l20{2Tia') 2 da^Co^dCo^dCo^ , 

<fo(7) = 9p( 6 ) + 15(27raOfex)^ (0) ^ {1) -|^ (0) M) 

-f(2W)l 5 )(^a(^) + mflfai^S - m^^fex)) 
-36 [d(i h i- k Cl) - 5(2na')d(i' k x)did^ - 20(2na')d(i h i k x)du;W 
+60(2Tra') 3 daW(duW) 2 d6jW + 60(27ra') 2 d x du;^d6j^ 
+m(2na') 2 d{i~ h x)(dCj^Y . 

(C.l) 

C.2 Massive IIA KK-monopole 

6v<® = 0, 

&" (0) = 5^(i*A), 

(fo/ 1 ) = <9/i(°) - 2^t(^A (2) ) - fw^A + cu(°)(«9A(°) + f ^W^^M ))) , 
** 5) = -^£ (6) ), 

£c/ 5 > = 5<9pW - mp^ - _L_(i fc ft(6)) _ 5<9(4Ay°) + 2(U 1 )<9(i fc A( 4 )) 
-60(27ra')<9A( 2 UW°) + BO^WyW^dA 
+60(2W)V°W 1 WW°) + |m(2W)(cu(°)) 2 aA( 4 ) , 

5uW = dp^ + ^d(t k A). 

(C.2) 
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Finally, the new gauge parameters in (C.I) and (C.2) are related to the 
eleven-dimensional ones as follows: 

s(5) _ (4) ~(6) _ (5) (c on 

Pi!...U6 ~ Ph.. m ' "11-156 ~ Pi Y . ■ K^- ) 
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